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FOREWORD

This work was performed to determine the role that material microstructure
has on the shock reactivity of ammonium perchlorate (AP) single crystals. Diamond
pyramid (Vickers) indentation hardness testing revealed that AP plastically deforms
readily with a significant release of strain energy. Slip and cracking systems extend
well beyond the size of the hardness impressions. It was shown that decomposition is
enhanced in preexisting regions of increased dislocation density when shocked near
the reaction threshold. These zones of enhanced decomposition preferentially extend
along a slip or cracking system, depending on crystal orientation when shocked.
Fu rthermore, the threshold of reaction and the material response of the shocked
crystals were a function of orientation. The results are significant for understanding
how defects in AP crystals can enhance the reactivity of a composite energetic
material, containing AP, when subjected to shock or impact.

The work was supported by the Office of Naval Research under work request
numbers N00014-87-K-0175 and N00014-85-WR-24103 as a cooperative effort
between Loyola College, Baltimore, and the Naval Surface Warfare Center, White
Oak Detachment (NSWCWODET). Support was also provided by the Independent
Research Program at NSWCWODET. Drs. Richard R. Bernecker (NSWCWODET)
and Sigmund J. Jacobs (Advanced Technology and Research, Inc., Laurel, Maryland)
provided many helpful comments and guidance concerning the early direction of the
work. Dr. Bernecker also provided an extensive review of the current report.
Numerous helpful discussions were held with Prof. Ronald W. Armstrong
(Department of Mechanical Engineering, University of Maryland, College Park
(UMCP)). Large (> 1 cm), optical quality, pure single crystals of AP were provided by
T. L. Boggs (Naval Air Warfare Center, China Lake, California). Dorn W. Carlson
and Sybil S. Turner (NSWCWODET) performed the liquid ion chromatography (LIC)
analysis on recovered crystals. Dr. Marriner K. Norr (NSWCWODET) obtained the
low magnification scanning electron microscope (SEM)photographs in Figure 9.
Prof. Donald A. Keefer (Department of Biology, Loyola College) helped with the
transmission light microscopy used to obtain Figure 3(A). Dr. Xian Jie Zhang
(UMCP) printed the photograph appearing in Figure 3(A). Dr. James P. Ritihie (Los
Alamos National Laboratory, Los Alamos, New Mexico) provided the calculations of
the changes in chlorine energy levels in response to geometric and bond length
variations in the perchlorate anion.

Approved by

KURT F. MUELLER, Head
Explosives and Warhead Division
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ABSTRACT

A number of single crystals of ammonium perchlorate (AP) were shock loaded
near the reaction threshold to investigate the effects of concentrated lattice defects
(dislocations) and differing crystal orientations on chemical reactivity. Large, optical
quality crystals of pure AP were immersed in mineral oil and shocked through either
the (001) or {210} surfaces by a detonator. Prior to shock loading, some crystals had
localized regions of increased lattice defects and strain created by placing diamond
pyramid (Vickers) hardness impressions into their exterior cleavage surfaces. High-
speed photographs showed preferential cracking and luminosity near some of the
hardness impressions. The photographs also revealed the occurrence of the same slip
deformation identified previously from hardness testing. The shocked crystals were
recovered, sometimes intact, for microstructural characterization and chemical
analyses. Crystal orientation relative to the shock propagation direction changed the
dynamic response and threshold for decomposition of the crystal, indicating the
influence of material microstructure. Similarly, placing the hardness indenter in
various surfaces of unshocked crystals activated different slip and cracking systems.
One recovered crystal was cleaved twice through hardness impressions on the (001)
and shock-entry (210) surfaces, allowing spatial analysis of the interior regions of the
crystal using x-ray photoelectron spectroscopy (XPS). Along these freshly cleaved
surfaces, the XPS results showed enhanced lattice disruption and perchlorate
decomposition as a result of the hardness impressions. The greatest decomposition
was not immediately adjacent to the impressions, but near the tips of cracks and
along slip planes emanating from the impressions several millimeters, or more, into
the crystal.
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INTRODUCTION

Deformation, fracture, and material microstructure are important aspects of
the shock reactivity of ammonium perchlorate (AP) single crystals. In previous
work,' large (> 10 mm on an edge), optically transparent crystals were cleaved into
samples with edge dimensions varying from 3 to 10 mm. The orientations of the
resultant cleavage surfaces were verified using the Laue back-reflection x-ray
diffraction technique. Preparatory to the shock-loading experiments, diamond
pyramid (Vickers) microindentation hardness testing (loads ranged from 0.0981 to
0.981 N) was performed on the (001) surface of an unshocked AP crystal.1 Surface
traces of slip planes and cracks associated with the hardness impressions were
crystallographically identified. This allowed determination of the indentation-
forming (primary deformation) and volume-accommodating (secondary deformation)
slip systems. The easiest operative system was (100)[001]. Particularly noteworthy
was the observation that cracking occurred in the region of greatest plastic
deformation. When indenter force was correlated with indentation diagonal and
resultant crack lengths, the hardness was observed to decrease with increasing force,
which was attributed to the occurrence of cracking.

In a series of shock-loading experiments, the crystals were oriented such that
the shock from a small explosive donor entered the {210} surface, allowing the
orthogonal (001) surface to be photographed by a high-speed framing camera.' The
crystals were immersed in a mineral oil bath, and shock loaded at peak pressures
ranging from 1 to 38.5 kbar. Prior to shock loading, two crystals each had a large
surface defect created by putting a Vickers hardness indenter into the (001) surface
with a load of 9.81 N. The crystals were recovered, sometimes intact, for quantitative
analysis of chemical decomposition using liquid ion chromatography (LIC). One
recovered crystal was also characterized for microstructural changes using light
microscopy and Vickers microindentation hardness testing.

A reaction threshold of -- 25 kbar was established by performing analysis of
decomposition products in recovered pieces of shocked AP crystals using LIC.'
Although successful in measuring bulk chemical reaction, this technique did not
provide spatially specific information. Reactivity results of this type would have
been particularly desirable because high-speed photographs taken during one of the
shock experiments showed luminosity, presumably associated with chemical
reaction, in the vicinity of a large (001) surface impression. The high-speed
photographs also revealed, although not in each experiment, a luminous shock front,
distinct diagonal lines immediately behind the front that were attributed to the
(010)[001] secondary slip system, and a moving luminous band that appeared to be a
propagating crack. Near the threshold, it appears that reaction in even relatively
defect-free A? crystals is inhomogeneous, being directly related to the material
microstructure.

1



NSWCDD/TR-92/206

Vickers microindentation hardness testing was performed to probe the strength
of one of the shocked AP crystals that was recovered intact.' This crystal was cloudy
in appearance, and microscopic examination of the external (001) surface revealed
that extensive (100) and (010) slip trace formation had occurred. Slip on these planes
corresponds to the primary and secondary deformation, respectively, in forming
Vickers hardness impressions in the (001) surface of an unshocked crystal. The
hardness and crackingproperties of the shocked crystal varied depending on the
location of the probing hardness impressions. The greatest increase in hardness was
measured in the region of the crystal that initially experienced shock wave passage.
A smaller hardness increase was measured at the intersection of (100) and (010) slip
traces. Radial crack extension at the fresh hardness impressions was generally
reduced. The combined results indicated that shock loading did work harden AP and
that the shock-induced microstructure made crack propagation more difficult.

The purpose of the current work is two-fold. First, a set of experiments,
complementing the initial set of experiments, was performed to investigate the effect
of crystal orientation on the shock reactivity of AP. Crystals were now oriented so
that the shock entered the (001) surface, which is orthogonal to the shock propagation
direction in the previous experiments. High-speed framing camera photographs were
taken of the (210) surface, which normally contained at least one Vickers hardness
impression, and chemical analysis was performed on the recovered crystals using
Lm.T Second, a small number of additional experiments was conducted on crystals
shocked in the original propagation direction, perpendicular to the (210) surface,
while the indented (001) surface was viewed with the framing camera. These
experiments were performed to obtain spatially specific chemical analysis results
using x-ray photoelectron spectroscopy (XPS) to elucidate whether decomposition is
dependent on material microstructure.

EXPERIMENTAL APPROACH AND TECHNIQUES

The effect of material microstructure on the shock reactivity of AP single
crystals was investigated by two approaches. One approach was to determine the
effect of crystal orientation relative to shock propagation direction on reaction
threshold. This was of interest because previous low strain-rate Vickers indentation
hardness testing revealed 2.3 that different slip and cracking systems were involved in
accommodating the indenter on the two surfaces. The other approach involved
frequently putting relatively large strain centers into the surfaces by Vickers testing
prior to shock loading. Hardness impressions provided localized concentrations of
crystal lattice defects (dislocations) in a controlled manner. The cumulative
dislocation strain fields of the hardness impressions should exhibit enhanced
chemical reaction. 4.5 The impressions would also serve as sites to concentrate
additional plastic deformation and cracking during shock loading, hence increasing
the possibility of a further contribution to chemical decomposition.

The current shock experiments were performed on cleaved sections of optical
quality, single crystals of AP that came from the same lot of crystals studied
previously.',2 Figure 1 is a three-dimensional scale drawing of the crystal section
used in an experiment, designated as Shot ONR-35, and is representative of the other
crystals that were shocked. ONR-35 was a continuation of the previous experiments
in which the (001) surface was viewed following shock entry into the orthogonal (210)

2
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SHOCK PROPAGATION
DIRECTION [0011

DIAMOND PYRAMID
(VICKERS) HARDNESS

IMPRESSION(0)
(EXAGGERATED SCALE)

CLEAVED CLEAVED120
PLANE #2 PLANE #1

FIGURE 1. SCALE DRAWING OF AP CRYSTAL USED IN SHOT ONR-35
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surface. The crystals in most of the other experiments were oriented for shock entry
into the (001) surface while viewing the orthogonal (210) surface. Figure 1 shows
crystallographic information and the positions of Vickers impressions. The locations
are also given for two freshly cleaved planes in the shocked crystal that was
recovered intact. These planes were chosen to pass through the hardness impressions
in order to perform chemical analysis and microstructural characterization of the
crystal interior within the strain fields underneath these impressions.

CRYSTAL DEFORMATION AND MICROSTRUCTURAL CHARACTERIZATION

Prior to the shock-loading experiments, Vickers microindentation hardness
testing was performed at low strain rate on the (210) surface.2 .3 This was
accomplished using a LECO model M-400 microhardness tester with loads ranging
from 0.0981 to 0.981 N for a dwell time of 20 s. The residual impressions were
examined primarily in transmitted light and polarized transmitted light with a Zeiss
Photomicroscope. The impressions were analyzed to obtain information about slip
and cracking systems as well as the size and character of the strain fields
surrounding the impressions. Also, tle effect of cracking on hardness with increasing
applied load was determined to assess th- 3ase of strain energy dissipation.
Microstructural characterization of the impressions was necessary to understand the
effect of the resultant strain fields on shock reactivity. Further, the expectation was
that many of the same deformation systems involved at low strain rate would be
active at the high rates experienced during shocking. The spherically diverging
wave front in the shock experiments is conceptually similar to performing a
conventional indentation hardness test with a large ball, except that the strain rate
for shockingis orders of magnitude greater. A diverging shock, in contrast to a
planar shock, permitted the desired activation of slip and cracking systems.

In the current work, Vickers hardness testing at loads > 0.981 N was performed
on the (210) surface of other AP crystals using a Tukon model FB tester with a dwell
time 2 17 s. One or more exterior surfaces of the majority of the shock-loaded crystals
had at least one impression (9.81 N load, typically). The impressions resulting at this
load are considered to be of sufficient scale for observing their effect in the shock-
loading experiments. The size of the plastic impressions with accompanying cracks
was sufficiently large to be studied and photographed more appropriately using a
Zeiss Tessovar photomacrographic zoom system (41X maximum magnification).
Measurement of the impression diagonal and crack lengths v ere obtained using the
microscope capability (i.e., Filar micrometer eyepiece attachment) of the Tukon
tester and from photomacrographs.

The microstructural state of crystals recovered from the shock experiments was
also assessed. The crystals were washed in heptane to remove residual mineral oil,
and optical microscopy was performed on the crystal exterior and several freshly
cleaved surfaces. In addition to using the Zeiss Tessovar system, a Zeiss model ICM
405 bench metallograph was employed, allowing surfaces to be viewed at
magnifications up to 1000X with reflected light brightfield illumination and using
Nomarski differential interference contrast. Freshly cleaved surfaces were also
examined at low magnification (< 5oX) with an Advanced Metals Research
Corporation (AMR) model 1000A scanning electron microscope (SEM).

4



NSWCDD/TR-92/206

SHOCK LOADING

Conditions for selected shock-loading experiments are given in Table 1. The
experiments used a closed chamber filled with mineral oil and having ports for
backlighting and photographic viewing. This arrangement and the calibration of the
shock pulse in the mineral oil have been discussed previously. 1'2 Figure 2 shows the
most significant aspects of the setup within the closed chamber for Shot ONR-35,
including the field of view of the high-speed camera. This setup was used throughout,
except for changes in crystal orientation and separation distance from the detonator.
The shock was generated by a Reynolds RP-80 detonator containing an explosive
pellet in a Delrin (polyoxymethylene polymer) sleeve with no bottom covering. The
exposed bottom (output end) of the explosive pellet was sealed by grease. The
detonator was positioned directly above the crystal, which was supported on clear
tape above a block of oil-soaked polyurethane foam. Immersing the crystal in oil and
capturing it in the foam permitted "soft" recovery of most of each crystal for
subsequent chemical analysis and microstructural characterization.

The optical quality of the as-cleaved surfaces and bulk transparency of the
crystal (discussed later) permitted in-depth viewir , as well as transmission of the
backlighting. The view of the crystal was relatively undisturbed by shock passage
beforebeing obscured by gaseous detonator products -5 ps later. As shown in
Figure 2, the crystal occupied most of the backlit field of view of the Imacon Model
790 image converter camera. The high-speed photographs shown in Reference 1 were
recorded at rates of 2 or 5 million frames per second (fps) on Polaroid instant print
film with a speed of ISO 3000. In Shot ONR-35, the framing rate was reduced to 1
million fps in order to observe events several microseconds after shock passage. Also
in Shot ONR-35, Kodak TMAX 400 negative film was used to improve resolution,
which enabled detection of some previously unseen details.

CHEMICAL ANALYSIS

Crystals shocked perpendicular to the (001) surface were analyzed for bulk
chemical decomposition by LIC, as in the previous study.1' 2 This was done to
determine the onset and extent of reaction as a function of shock pressure for this
second propagation direction. In addition, two crystals shocked perpendicular to the
{210} surface were analyzed to augment earlier LIC results.

XPS, with an approximate sampling area of 1 mm x 1 mm, was used as a second
analysis technique. Considerable effort was devoted to studying the crystal from
Shot ONR-35. The crystal was recovered intact and subsequently cleaved through
the impressions in both surfaces (Figure 1), providing two fresh (210) sirfaces for
analysis. This approach provided a means to analyze the crystal interior with the
necessary spatial resolution to determine quantitatively whether significant
chemical decomposition occurred preferentially in the vicinity of the hardness
impressions as a result of shock loading. Cleaving the recovered crystal just prior to
XPS analysis further avoided the complicating effect of exterior surface
contamination.

A series of XPS spectra of the two freshly cleaved surfaces taken from the
Shot ONR-35 crystal were collected using a Physical Electronics 5400 photoelectron
spectrometer. The characterization was performed with a monochromatized Al x-ray
source, operated at 600 W (15 KV, 40 ma). A monochromatized source was used

5
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EXPLOSIVE DONOR
RP-80 DETONATOR

t I-I
6 mm I FIELD OF VIEW

(001) SURFACE ICLEAR TAPE
OF AP CRYSTAL

REFERENCE WIRES
L-.

LEXAN SUPPORT

FOAM CATCHER 
I

FIGURE 2. ARRANGEMENT FOR SHOCK LOADING AP CRYSTAL IMMERSED IN MINERAL
OIL SHOWING FIELD OF VIEW FOR FRAMING CAMERA, SHOT ONR-35
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because it offered the following advantages. First, the highly refined energy
distribution produces narrower photoelectron peaks, thereby improving the spectral
resolution. Next, radiation damage is greatly reduced as all of the extraneous
Brehmstralung x-ray radiation and high electron background are eliminated.
Finally, satellit.c. photoelectron peaks excited by the Ka,3,4 x-ray lines do not appear.
This simplifies the identification of new chemical states at binding energies 8-12 eV
below the major component in the spectrum, such as in the chlorine spectra from AP.

Radiation damage of the AP crystal was avoided by trading off spectral quality
against extended analysis times. Investigation of the sensitivity of AP to the
monochromatic x-ray source showed that an exposure time greater than 15 minutes
is required before any noticeable changes in Cl(2p) line shapes are observed.
Analysis time at each spot was never more than 5 minutes and typically was about
3 minutes. Although the instrument has the capability of analyzing a spot size of
200 pm, the 1 mm spot size used in this work was chosen to minimize the analysis
time and thereby the possibility of radiation damage.

Binding energy values were referenced to 285.0 eV for the carbon (is) peak from
hydrocarbon contamination inevitably present on the surface of a sample prepared
outside the vacuum chamber. Charge accumulation on the surface of the insulating
samples was compensated for by a low energy electron flood source. Spectra were
collected under conditions that produce a full width of peak at half maximum height
(FWHM) of 1.03 eV for the 3d 5/2 line from pure sputtered silver. Chlorine (2p),
nitrogen (is), and carbon (Is) XPS spectra were collected at each analysis spot on the
cleaved surfaces. Curve fitting of these spectra was performed using a
Gaussian/Lorentzian line shape superimposed on an integrated background.

Prior to the detailed study of the crystal from Shot ONR-35, some XPS
measurements were obtained on the intact, but highly deformed, crystal recovered
from Shot ONR-24. This crystal was without hardness impressions, in contrast to
Shot ONR-35, but was shocked to a higher pressure of 38.5 kbar. Spectra were
obtained on two freshly cleaved surfaces: (1) the mid-plane parallel to the {210}
shock-entry surface and (2) a {210} surface that formed in the top half of the crystal
during the cleaving operation to create the first surface.

An additional benefit from the use of XPS was the discovery of the relationship
between spectral line widths and the degree of microstructural perfection.
Variations in the observed line widths were correlated6.7 with changes in visible
damage (i.e., degree of cloudiness) and increased dislocation densities throughout the
shocked crystal. The line broadening results will be discussed briefly and related to
decomposition.

EXPERIMENTAL RESULTS

VICKERS HARDNESS STUDIES

Crystallographic information on slip and cracking systems obtained from
Vickers microindentation hardness testing (loads - 0.981 N) of the (001) and (210)
surfaces of AP single crystals has been previously described in detail.' 3 A
transmitted light photomicrograph2.3 of an impression put into the (210) surface at

8
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0.981 N load appears in Figure 3(A). Particularly noteworthy is the (001) crack that
extends from the top corner of the impression. In addition, slip traces, such as the
identified (Ill), are clearly seen intersecting the (210) surface beyond the
asymmetric four facets of the impression.

A reflected light photomacrograph of a Vickers impression (9.81 N) that was put
into the (210) surface of the crystal used in Shot ONR-35 appears in Figure 3(B). This
photomacrograph has been rotated 900, relative to Figure 3(A), to connect directly
with the crystal orientation in Figure 1. The expectation is thatýte deformation
should be the same for indentations put into either the (210) or (210) surface.
However, other deformation systems could be activated at higher loads. This is
observed when comparing the indentations from 0.981 and 9.81 N loads in
Figures 3(A) and 3(B), respectively. For the impression in Figure 3(B), a second
branch of the (001) crack is also present, along with prominent cracking that is
inclined to the (210) surface. The second (001) crack branch is obscured in
Figure 3(B) by scattered light from the inclined crack planes.

A comparison of Vickers hardness numbers (VHNs), expressed in standard
units of kgf/mm 2 , for the impressions in Figures 3(A) and 3(B) reveals that a
29.5 percent decrease in hardness occurred as the load was increased from 0.981 to
9.81 N. This trend is consistently maintained for all of the hardness data obtained for
Vickers impressions primarily put in the (210) surface but including one in the (210)
shock-entry surface of Shot ONR-35. The combined results for all of the crystals
tested are given in Figure 4 as a logarithmic plot of force on the indenter versus
indentation diagonal and (001) crack lengths for forces ranging from 0.0981 to
9.81 N. Two distinct regimes in the data can be seen, resulting from the appearance
of the second branch of the (001) crack at 0.981 N. Below 0.981 N, a slope of 1.91 for
the indentation diagonal length data was obtained compared to a value of 2.0 for
constant hardness behavior. The emergence of the second (001) crack branch above
0.981 N causes a much greater difference, 1.60 versus 2.0. By comparison, the
diagonal length data reported' for Vickers impressions put into the (001) surface
yielded a single straight line with a slope of 1.87. The decrease in hardness for both
surfaces, as indicated by slopes of < 2.0, is attributed to cracking which causes a
sizeable strain energy release.

Although somewhat scattered, the (001) crack length data were fit to two
displaced, straight line segments each having a slope of 1.5. A force-crack length
dependency having this slope is obtained from indentation fracture mechanics
analyses.8 9 The horizontal displacement in the crack length data is also associated
with the appearance of the second branch of the (001) crack. Such a shift indicates
that the coefficient in the fracture mechanics power law dependency (i.e., the
indentation fracture mechanics stress intensity'°) has been diminished by the
appearance of the second crack branch. The stress intensity is proportional to (Ey)"n,
where E is Young's modulus and y is the fracture surface energy.1 A dislocation
reaction mechanism has been proposed to explain (001) crack formation as slip-
induced cleavage.2. 3 As such, it appears that the increased deformation that occurs at
higher loads assists the (001) cracking.

SHOCK LOADING STUDIES

The results of selected experiments for shock entry into either the {210} or (001)
surfaces are summarized in Table 1. The reaction threshold for shock entry into the
{210} surface was established' to be -25 kbar (shock pressure in the crystal, PAP) using

9
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LIC analysis results. Only the Cl- concentration showed a significant change relative
to an unshocked crystal. There was little consistent change in measurements for
NO2-, NO3-, and C103- up to PAP = 38.5 kbar.1 A second attempt at obtaining LIC
results for the crystal recovered from Shot ONR-18 was successful and yielded
consistent values with those reported previously1 for the Shot ONR-17 crystal. In a
recent experiment with PAP = 62.5 kbar (Shot ONR-27), there was a large decrease
in C1- relative to that obtained for PAP = 38.5 kbar, but significant increases in N02-
and NO3-. (No measurements for C103- were made on recovered crystals from the
recent experiments.) Crystals from recent experiments with shock entry into the
(001) surface also had significantly increased NO2- and NO3-, in addition to Cl-, for
PAP = 16.7 and 24.4 kbar (Shots ONR-30,29). There were insufficient experiments to
establish precisely the reaction threshold for shock entry into the (001) surface. The
threshold appears to be less than or equal to 16.7 kbar, which is below that for shock
entry into the {210} surface.

The damage resulting from shock loading the AP crystal in Shot ONR-35 to
24.4 kbar can be seen relative to the unshocked crystal in the photomacrographs in
Figure 5. The shocked crystal (Figure 5(B)) has nonuniform cloudiness which is most
intense at the (210) shock-entry surface. The degree of cloudiness lessened with
distance from the entry surface, correlating roughly with the attenuation of shock
pressure. However, the boundary between the cloudy and clear regions is not
spherical (or circular as viewed through the (001) surface), as might be expected from
a spherically diverging shock front. The bottom region of the crystal is still
transparent, having the appearance of the unshocked crystal in Figure 5(A).
Although insufficient to cause cloudiness, some microscopic damage did occur in the
bottom region. A chemical etch pitting study yielded a dislocation density of 3.0 x
105 cm"2 for the bottom region versus 0.82 - 1.4 x 105 cm"2 for an unshocked crystal
(control).7 The dislocation density increased to 1.2 x 106 cm"2 in the center region of
the recovered crystal where significant cloudiness was present. It was not possible to
measure dislocation densities in the top half of the crystal because of the severe
surface roughness resulting from cleaving.

Less cloudiness was observed in the recovered AP crystals shocked through the
(001) surface (Figure 6). None of the crystals from this abbreviated test sequence
listed in Table 1 remained intact. Two of the crystals (Shots ONR-29,30) were
recovered in four, roughly equal-sized pieces. The crystals exhibited (210) cleavage
cracking and cracking on (110). Shot ONR-31 was recovered initially intact but
readily broke into two pieces on handling. The fracture was more complex in
appearance, being predominantly (230). In another experiment (Shot ONR-34),
which is not listed in Table 1, the crystal was subjected to the same shock pressure
(PAP = 24.4 kbar) as in Shot ONR-29 but remained intact. The crystals in
Shots ONR-31,34 were slightly larger than the crystals which fractured into four
pieces in Shots ONR-29,30. Thus, it appears that the extent of fracturing is reduced
or a larger crystal in which rarefactions overtake the attenuated shock at a point

farther from entry.

High-speed framing photographs from Shot ONR-35 are shown in Figure 7 for
the field of view outlined in Figure 2. The times associated with each frame are
relative to the first frame, which was taken after the shock from the detonator had
crossed the mineral oil gap and just entered the crystal at 24.4 kbar. In the first
frame (0.0 ps), the shock in the crystal is noticeably curved and has a higher velocity
than in the oil. The backlighting continues to be transmitted through the crystal
behind the shock, whereas the 15.5 kbar shock in the oil deflects the backlighting.
Thus, there is a narrow zone between the two fronts which permits viewing the
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FIGURE 5. PHOTOMACROGRAPHIS OF EXTERIOR (001) SURFACE OF AP CRYSTAL BEFORE
AND AFTER SHOCK ENTRY INTO (210) SURFACE, SHOT ONR-35
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RELATIVE TIME FOR EACH FRAME USTED IN MICROSECONDS

1.0 3.0 5.0 7.0 9.0

0.0 2.0 4.0 6.0 8.0

FIELD OF VIEW OUTLINED IN FIGURE 2

DESCRIPTION OF EVENTS SEEN IN INDIVIDUAL FRAMES

0.0 ps SHOCK ENTERED (210) SURFACE
A. SHOCK FRONT
B. CRYSTAL CORNER
C. REFERENCE WIRES

1.0 ps SHOCK NEAR BOTTOM OF CRYSTAL; (010) AND (100) SLIP
2.0 ps SHOCK EXITED CRYSTAL; LUMINOSITY NEAR UPPER RIGHT CORNER
3.0 ps - 9.0 ps LUMINOSITY FROM LIGHTLY DAMAGED AREAS NEAR TOP OF CRYSTAL

FIGURE 7. BACKLIT FRAMING CAMERA PHOTOGRAPHS OF (001) SURFACE OF AP
CRYSTAL SHOCKED TO 24.4 KBAR, SHOT ONR-35
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shocked portion of the crystal. Within that zone, there are dark diagonal lines that
are associated with (010)[001] slip, which is the secondary deformation system
impressions in the as-viewed (001) surface. Similar diagonal lines were more clearly
shown in Figure 10 of Reference 1 for Shot ONR-19, which had a lower shock pressure
of 16.7 kbar compared to 24.4 kbar in Shot ONR-35.

In the second frame (1.0 ps), which was taken just as the shock approaches the
bottom of the crystal, there is a relatively wide illuminated zone behind the shock
front. This observation is similar to that for Shot ONR-18 (Figure 9 of Reference 1),
which had the same PAP but a narrower illuminated zone than in Shot ONR-35. Also
in Shot ONR-18, the illuminated zone was brighter than the backlightingjust below
the crystal, indicating light from the chemical reaction of AP. The width of the
illuminated zone behind the shock front in ONR-35 may be due partly to reaction
light illuminating the crystal behind L-e shock front and partly to the increased
separation of the shock fronts in the oil and the crystal. Because of the better focus on
the film for the upper row of frames and the increased resolution of the film used in
Shot ONR-35, the second frame reveals a number of features behind the shock front.
As in the previous frame, there are dark diagonal lines behind the shock front that
correspond to the volume-accommodating (010) slip deformation. One of these lines
near the right of the frame is sufficiently broad to suggest that it is associated with a
crack. However, the angle of this line relative to the [120] direction is too large to be
a (121) crack as identified in Figure 8, which will be discussed later. Behind the
shock front, there are small orthogonal crossing diagonal lines corresponding to both
the (100) and (010) slip planes, which may not be visible in the photographic
reproduction of Figure 7. These diagonal lines, which correspond to both the primary
and secondary deformation systems, appear together on recovered crystals. However,
(100) lines were not seen in the dynamic photographs of previous experiments.'

By the third frame (2.0 ps), the shock has just exited the bottom of the crystal,
which is dark except for a small luminous region near the upper right corner. The
size of this region expands in subsequent frames. Preexisting sources of light in the
experiment can be reasonably eliminated as the cause of the luminous region. It is
unlikely that hot gaseous detonator products were between the camera and the
viewed (001) surface of the crystal because the luminous region is totally separated
from the edge of the crystal in the 2.0 and 3.0 ps frames. It is also unlikely that the
luminosity was transmitted through the crystal from either backlighting or
detonator products. The bottom region of the crystal (furthest from the detonator)
remained dark in all of the frames after shock passage, even though this region of the
recovered crystal was still optically transparent and was not visibly damaged
(Figure 5(B)). In contrast, the mineral oil just under the crystal continued to
transmit backlighting shortly after shock passage.

High-speed photographs of the (210) surface of crystals shocked through the
(001) surface were obtained in Shots ONR-29,30,31. Neither microstructural
features nor luminosity within the crystal was observed with shock passage.
Following shock exit from the bottom surface of the crystal, there was a zone of
luminosity below each crystal. In Shot ONR-30, this luminosity was only as intense
as the backlighting. At the higher shock pressures in Shots ONR-29,31, the
luminosity below the crystal was more intense, much like the detonator products
above the crystal. When shock loading through the (210) surface, there was no
luminosity observed below the crystal in Shot ONR-35 (Figure 7) and weak
luminosity in Shot ONR-19 (Figure 10 of Reference 1).
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MICROSTRUCTURAL CHARACTERIZATION OF RECOVERED CRYSTAL
FROM SHOT ONR-35

Referring to the photomicrograph in Figure 8, numerous (100) and (010) slip
traces are readily apparent in the as-recovered (001) surface of the center-cleaved
section of the AP crystal used in Shot ONR-35. These slip traces are finely spaced,
sometimes appearing as shear bands, perhaps indicative of adiabatic heating. The
(100) traces significantly outnumber the (010) traces, as was observed previously in
the recovered AP crystal in Shot ONR-19.1 In addition to the slip trace formation,
numerous (121) cracks were found in the Shot ONR-35 crystal that were not observed
in the Shot ONR-19 crystal. It is interesting to note that (121) cleavage steps were
observed (Figure 3(B)) in the (210) surface of the AP crystal prior to shock loading in
Shot ONR-35. It appears that there is some inherent weakness in the bonding across
this plane that explains its propensity for cracking at high stress levels. It is possible
that a dislocation reaction occurs, providing the nucleus for crack formation.

Low magnification SEM photographs of the right-hand cleaved section of the
crystal (Figure 1) from Shot ONR-35_appear in Figure 9. The edge region formed by
the intersection of the shock-entry (210) surface with Cleaved Plane #1 is shown in
Figure 9(A). The major portion of the most prominent (001) crack branch that
emanated from one corner of the Vickers hardness impression (VHN = 9.1) in the
(210) surface is clearly visible. The crack surfaces have separated a distance of
-0.08 mm as a result of the cleaving operation since virtually no transverse separation
in the crack branch was observed in light microscopy photographs of the hardness
impression before or after the crystal was shock loaded. From these photographs, it
was determined that the crack branch had undergone a very small radial extension of
:0.03 mm as a result of shock loading. Also denoted in Figure 9(A) is a (121) crack,
identified by performing a two-trace analysis on optical photographs of the crack
intersecting the (210) and (001) surfaces. This observation connects directly with the
(121) cleavage steps in Figure 3(B) and the (121) cracks in Figure 8 discussed earlier.

The portion of Cleaved Plane #1 directly underneath the Vickers impression is
shown in Figure 9(B). Considerable surface roughness is present indicating that
(210) cleavage cracking did not occur easily. This is attributed to the hindering effect
that work hardening, associated with forming the impression and/or shocking the
crystal, has on crack propagation. The (001) crack branch present in Figure 9(A) is
clearly visible in Figure 9(B), revealing now its depth of penetration into the crystal.
The exact extent is obscured by surface roughness - 1.5 mm below the (210) surface. A
fine (00b) crack may actually extend -- 2 mm below where the broad separation in the
crack terminates (at -1.25 mm from the shock-entry surface). The extent of the
broadly separated crack was used in preparing the final figure (to be discussed later),
which also shows the possible extension of the fine crack.

XPS ANALYSIS OF RECOVERED CRYSTAL FROM SHOT ONR-35

The results from analysis of the XPS spectra obtained across Cleaved Planes #1
and 2 (as denoted in Figure 1) are given in Figure 10. Approximate areas of analysis
are outlined by the boxes superimposed on schematics of the cleaved planes,
including locations of the Vickers hardness impressions. Appearing in the upper half
of the boxes are values for %Cl as decomposition products, while values of the FWHM
for the CI(2p,3/2) peak are in the bottomhalf. Comparison with standards indicate
that the decomposition product is a Cl( + 5) containing compound, most likely a
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chlorate salt. The run numbers, indicating the order of the analyses, appear at the
top of the boxes. Cl(2p) spectra from Runs #16 and 25 on Cleaved Plane #1
(Figure 10(A)) appear in Figure 4 of Reference 6. Emphasis was given to following
the chlorine spectra since the nitrogen spectra from the same analysis areas showed
no indication of chemical change.

Referring to Figure 10(A), spot analyses were performed along the centerline
and one edge of Cleaved Plane # 1. Spectra were not collected along the opposite edge
because excessive charging made the data useless. Contour lines connect regions of
equivalent FWHM of the Cl(2p, 3/2) peak. A mirror image was projected across the
centerline to provide symmetrical data points along the edge not analyzed. The
highest levels of shock-induced line broadening occurred immediately below the
shock-entry surface, where the largest increase was detected in the vicinity of the
Vickers hardness impression (VHN = 9.1). Elevated FWHM values of - 1.45 persisted
along the centerline for nearly the entire length of the crystal. The bottom centerline
FWHM value of 1.22 is identical to the value obtained in an unshocked AP crystal
(control).6

The yields of %Cl as decomposition products measured on Cleaved Plane #1 do
not correspond spatially one-to-one with the increased line broadening values.
Chemical changes are limited to the centerline area directly underneath the
hardness impression and occur for -3.5 nun in the [120] direction. This area
encompasses the (001) crack appearing in Figure 9(B) and its strain field. The
highest decomposition level (9.5 percent chlorine in the (+ 5) state) was found at the
termination of the broad separation in the crack. In centerline regions below this,
with essentially the same - 1.45 FWHM value, there was no detected chemical
decomposition. This was also the case for the corner region near the shock-entry
surface having a 1.50 FWHM value.

In Figure 10(B), the spot analyses for Cleaved Plane #2 show that the chemical
changes and line broadening followed a different spatial distribution. In contrast to
Cleaved Plane #1, there was no chemical change detected in the vicinity of the
hardness impression or immediately below the shock-entry surface. However, there
were significant changes measured further below that surface that correspond in
location to results obtained for Cleaved Plane #1. Significant chemical changes also
occurred toward the bottom along the center and near the edge opposite the indented
surface. These changes were in a region where a series of irregular cleavage steps
were observed to emanate from the hardness impression. The largest line broadening
measurement was obtained in the center bottom region but is probably anomalous
because it does not correlate with the visible appearance or the dislocation etch pit
count. Otherwise, the region just underneath the shock-entry surface exhibited the
greatest line broadening, as was the case for Cleaved Plane #1. Significant line
broadening also occurred in the proximity of the Vickers hardness impression (VH N
= 10.3) put into the (001) surface.

ADDITIONAL XPS RESULTS

Chlorate concentrations of 3.5 to 4.7 atom percent were observed at the mid-
plane parallel to the shock-entry surface of the crystal recovered from Shot ONR-24.
At comparable locations in ONR-35 no chlorate was observed. Analysis of the {210}
surface intersecting the shock-entry surface revealed the parent perchlorate, Cl( + 7),
and chlorate, CI( + 5), as noted before. There was also a new component in the Cl(2p)
spectra having a binding energy intermediate to that for chloride, Cl(-1), and
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chlorite, Cl( + 3). A Cl( + 1) state is therefore strongly suggested by the observation of
this peak. Concentrations of this new component ranged from 4.2 to 5.4 atom
percent. This chemical state was not observed at the lower shock pressure in Shot
ONR-35. Drop-weight impact data have found concentrations of up to 20 atom
percent in this chemical state in the absence of any increased concentration of the
chlorate. 11 This suggests that the Cl( + 1) is a more highly reacted product, whereas
the chlorate participates as a reactive intermediate.

In both Shots ONR-24 and 35, there was no observed change in the nitrogen
chemistry. Thus, the chemistry induced by shock passage appears to produce reduced
oxychloride anions as stable intermediate decomposition products. Production of
oxidized nitrogen (i.e., NO, NO2 ) or 02 is likely, but none of these are detectable since
the spectrometer used can only analyze solid materials.

DISCUSSION

It is speculated for Shot ONR-35 that the luminosity from shock loading the
crystal, which first appears in the 2.0 ps frame in Figure 7, was caused by chemical
reaction occurring in the strain field of the Vickers hardness impression put into the
shock-entry (2 10) surface. A schematic in Figure 11 of the crystal, as viewed by the
camera, shows the region of luminosity along with various other features, including
the large (001) crack under the impression on the shock-entry surface. Luminosity
could not be observed directly in the vicinity of the (001) crack because of the
extensive damage in this region of the crystal, as indicated by the in-depth cloudiness
in the recovered crystal (Figure 5(B)). Rather, the luminosity was observed from
near the boundary of the most damaged regions of the crystal. This in-depth
boundary between the cloudy and clear regions of the recovered crystal is delineated
by a short-dashed line in Figure 11 and passes through the region of luminosity
observed in the 3.0 ps frame.

The pattern of light from the crystal in the Figure 7 high-speed photographs
after the 3.0 ps frame coincides with the in-depth boundary or crystal damage in
Figure 11. This indicates that the damage observed in the recovered crystal occurred
sometime during the shock process (i.e., loading and subsequent unloading) rather
than from capturing the crystal in the foam catcher (Figure 2). The degree of
curvature observed for the propagating shock in the 0.0 and 1.0 ps frames in Figure 7
is less than that for the in-depth boundary of crystal damage appearing in
Figures 5(B) and 11. The increased curvature for the damage boundary is attributed
to lateral rarefactions which reduce the shock intensity and duration. Thus, a
threshold condition for shock/rarefaction interplay was present to cause visible
damage (cloudiness). The in-depth boundary for crystal damage is uniformly curved
except in the vicinity of the twohardness impressions on the (001) surface. This
boundary is extended further from the shock-entry surface for the left impression
(VHN = 10.3), whereas cloudiness is greatly reduced in the vicinity of the right
impression (VHN = 10.5). The right im pression is near the impression in the shock-
entry (210) surface. This suggests that the large (001) crack (Figures 9 and 11)
associated with the latter impression reduces damage by allowing shock-generated
dislocations to escape.
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Unfortunately, there was not sufficient time resolution in the high-speed
photographs to distinguish unequivocally the roles of shock loading and unloading on
microstructural changes and consequent enhanced chemical reactivity. The
photographs for Shot ONR-19 (Figure 10 in Reference 1), in particular, clearly show
slip traces joining the shock front, suggesting that the loading process is responsible
for the damage observed in recovered crystals (e.g., Figures 11 to 13 in Reference 1
and Figure 5(B)). However, luminosity attributed to crack propagation (Figure 9 in
Reference 1) or occurring in the vicinity of the Vickers impressions (Figure 9 in
Reference 1 and Figure 7) has always been observed to occur one or more
microseconds after shock passage. This indicates either that the unloading process
influences shock reactivity or that there is an induction time before the onset of
reaction.

Some of the slip systems involved in accommodating the Vickers indenter at low
strain rate were also active in the shocked crystals. In particular, the numerous
diagonal lines appearing in some high-speed photographic frames were attributed to
two prominent slip systems identified from hardness testing: (010)[001] and
(100)[001]. The resultant slip traces were readily seen in the external (001) surface of
the recovered crystal (Figure 8). Several crack planes, namely (210), (110), (230), and
(121), occurring in shocked crystals were not involved in forming the indentations.
Although (210) cleavage cracking has been observed by other researchers, 12-14 the
remaining planes have not been reported previously. The occurrence of these crack
planes indicates that shocking provided higher stresses normal to these planes than
what were present during hardness testing.

The combined XPS results for Cleaved Planes #1 and 2 indicate that the largest
amounts of chemical decomposition were associated with the Vickers hardness
impressions put into the crystal prior to shock loading. However from Figure 10(B),
the character of the shock (pressure and duration) was sufficient in Shot ONR-35 to
cause decomposition along the centerline away from the influence of the impression.
This provides a confirmation of the previous LIC determination of reaction threshold
to be PAP -24.4 kbar when hardness impressions in the crystal are absent
(Shot ONR-17).1

Line broadening of the XPS spectra from Cleaved Planes # 1 and 2 was
enhanced in the vicinity of the impressions, particularly for the impression in the
(2i0) shock-entry surface. This resulted from the interaction of the shock with the
dislocations and their cumulative strain fields associated with the impressions. By
comparison, no increased broadening of XPS spectra was detected near the
impression in an unshocked AP crystal (control) which was freshly cleaved to provide
a replica of Cleaved Plane #1.

Variation in line broadening measurements has been related to the shock
damage appearing in Figure 5(B). The visual damage was compared6 previously to
that in AP crystals irradiated by Herley and Levy,15 6 who correlated the degree of
cloudiness with dislocation densities measured in a chemical etch pitting study. It
was estimated that an -10OX increase in dislocation density exists from the bottom of
the crystal to the shock-entry surface.6 In subsequent work, another freshly cleaved
surface approximately centered between Cleaved Planes #1 and 2 was chemically
etched, and dislocation density measurements were obtained. An -10OX increase in
dislocation density in the region of the crystal immediately below the shock-entry
(210) surface was also obtained by extrapolation of dislocation density measurements
correlated spatially to XPS line-width measurements. 7 Molecular orbital energy

24



NSWCDDITR-92/206

level calculations confirmed the effect of lattice disruption on increased XPS line
width.

6' 7

The molecular nature of the species observed with XPS has been investigated to
explore more fully the solid-state decomposition chemistry of AP. Secondary ion
mass spectrometry was employed for analyzing products in impacted and irradiated
samples of AP. Relative to a control sample from a freshly cleaved AP single crystal,
these damaged samples displayed mass-to-charge ratio (m/e) peaks which have been
tentatively attributed to HC10 3 (Wie = 90, Cl(+ 5)); NHC12 (mie = 85, Cl(+ 1)); and
NH2Cl (m/e = 51, CI( + 1)). These moltcular species are, therefore, proposed as the
source of XPS signals appearing at the Cl( + 5) and Cl( + 1) chemical states in the
current work.

SUMMARY AND CONCLUSIONS

Additional results, to relate to earlier work, have been obtained for the roles
that deformation, fracture, and material microstructure have on the shock reactivity
of AP. Emphasis was given to a detailed analysis of one experiment in which a large
crystal, containing several Vickers hardness impressions, was subjected to a shock at
the reaction threshold, -- 25 kbar. The crystal was recovered intact. Microstructural
characterization was conducted using light and scanning electron microscopies.
X-ray photoelectron spectroscopy was used to scan 1 mm x 1 mm areas across two
freshly cleaved surfaces that cut right through the hardness impressions. The most
significant finding was that the largest amounts of chemical decomposition occurred
because of the presence of the impressions. For the impression put into the shock-
entry (210) surface, decomposition was detected directly underneath over a depth of
3.5 nun. This decomposition seemed to be associated with a large (001) crack, that
formed at the impression prior to shock loading and possibly had penetrated to that
distance. For an impression put into the (001) surface, no evidence of decomposition
was found in close proximity. Rather, decomposition was detected in an area of
irregular cleavage steps that emanated from the impression and extended the entire
depth of the crystal, -7 mam. A series of high-speed photographs taken during shock
loading of the crystal revealed an enlarging, elliptically-shaped luminous zone
located off center from, but encompassing, the furthest possible extension of the (001)
crack. The combined observations indicate that the luminosity resulted from
chemical reaction occurring either at the tip of the (001) crack or in its plastic zone.
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